[1] Many applications of the Vostok ice core depend critically on the ability to make stratigraphic ties to marine records in the adjacent Southern Ocean. Here we present oxygen isotopic records from high accumulation rate sites in the South Atlantic sector of the Southern Ocean, collected for the purpose of complementing the recently extended dD record from the Vostok ice core. The combination of several planktonic foraminiferal d 18 O records from northern subantarctic piston cores demonstrates that all of the millennial-scale oscillations expressed in the Vostok ice core over the last 60 ky are also present in marine records. The observations also support the assumption that the millennial-scale oscillations common to both marine and ice archives are synchronous, thus providing a rationale for extending the marine-ice core comparison through the last 400,000 years, making use of a marine drilled core (ODP Site 1089). By aligning the phase of these common abrupt events, we anchor the Vostok chronology to an orbitally tuned marine sediment chronology-a refinement that allows examination of a variety of paleoclimatological issues such as the relationship between deep ocean variability and Antarctic polar climate. For example, this exercise suggests that, over at least the 4 major deglaciation events, the primary (orbital scale) changes in the chemistry and, most likely, the temperature of the deep Southern ocean were synchronous with changes in atmospheric pCO 2 and polar air temperatures. We also find that the deuterium excess in the ice core resembles marine (foraminiferal) d 13 C records and that the deuterium excess is synchronous with an ''anomalous'' foraminiferal d
Introduction
[2] Antarctic ice cores have revolutionized the science of paleoclimatology by establishing perhaps the cleanest available record of climate variability over ice age cycles-including the climatic interactions associated with atmospheric greenhouse gases. For example, the paleotemperature records from the Antarctic ice cores can be used as a valuable gauge of global climate sensitivity [e.g., Lorius et al., 1990] , and they can be used to test general circulation model projections of greenhouse warming. However, a general limitation of ice core archives is that most mechanisms proposed for large-scale climate (and atmospheric CO 2 ) variability on timescales longer than decades involve the ocean. Therefore to be most useful, the ice core records must be integrated definitively with analogous records from marine sediments. This requirement has proven to be difficult to achieve, because there are few means to create a unified timescale.
[3] Lorius et al. [1979] made one of the original attempts to link a southern hemisphere marine record to that from an ice archive, the Dome C core in East Antarctica. This work was guided by the assumption that proxies for temperature in both types of records should be related genetically. Several subsequent studies [e.g., Pichon et al., 1992; Sowers et al., 1993; Charles et al., 1996; Ninnemann et al., 1999] have extended the same principle by comparing various high-latitude marine records of longer duration to Vostok [Petit et al., 1999] . However, several important uncertainties remain. For example, it has yet to be established whether marine records can be linked to the Vostok record on millennial timescales, especially for the periods predating typical radiocarbon chronologies. This level of precision in correlation is a necessary prerequisite for resolving the mechanisms of ''abrupt'' change in the ocean/climate system. Also, there is currently no agreement on the types of marine records that should be used for comparison to proxies of ice core air temperatures [e.g., Sowers et al., 1993] , and it is still unclear to what degree spatial heterogeneity influences the essential climatic responses among all sectors of the Antarctic continent and Southern Ocean. As a result, any marine-ice stratigraphic ties that rely on the assumption of a common climatic signal might be questioned on the basis of geographical complexities (such as those expressed at Taylor Dome ice core, where the phase of climate variability was at times seemingly distinct from that of the central Antarctic Plateau [Steig et al., 1998] ). On the other hand, any quantitative assessment of possible climatic incongruencies between various marine and ice core proxies also depends on establishing a firm temporal connection in the first place. A rigorous assessment of differences between marine and atmospheric records has not been feasible thus far.
[4] Here, we present detailed oxygen isotope records of the relatively shallow-dwelling planktonic foraminiferal species, Globigerina bulloides and Neogloboquadrinapachyderma, from highresolution sediment cores from the subantarctic region of the Southern Ocean's Atlantic sector. We then compare this measure of surface ocean variability with the dD record of ice from Vostok [Jouzel et al., 1987] . This comparison suggests that the foraminiferal d
18
O data delimits the timing of subantarctic SST changes, despite potential complications for resolving the true amplitude of temperature change (such as salinity, ice volume, and foraminiferal habitat). We also show that the broad characteristics of foraminiferal d
18 O are reproducible in a variety of different pistoncored sedimentary sequences spanning the South Atlantic. Thus the evidence for at least the last 60,000 years justifies a detailed comparison of the South Atlantic foraminiferal d
18 O record to the ice core data over several glacial cycles.
[5] We present results of an extended comparison, made possible by an Ocean Drilling Program (ODP) borehole, and we illustrate how a synchronization of marine and ice core chronologies might be achieved by aligning the millennial scale features common to both archives. Once this alignment is performed, it allows the construction of a detailed sequence of events in the ocean-atmosphere system, because it then fixes the relationship between deep ocean conditions (in other words, benthic foraminiferal proxies), and the Vostok climate records. This process of aligning the phase of millennial scale variability also leads to a more direct assessment of the relative amplitude of marine and ice core records on orbital timescales. The differences between proxies in this regard may hold clues to their respective controlling influences.
Materials and Methods
[6] While aboard the R/V Thomas Thompson from January through March 1996 and the R/V JOIDES Resolution from December 1997 through February 1998 for ODP Leg 177, we collected sediment core samples spanning a range of latitudes (roughly between 41°S and 53°S) and oceanographic Map showing various core station locations between Africa and Antarctica along with major physical features of the seafloor in the region and physical oceanographic fronts and features described by Belkin and Gordon [1996] . STC corresponds to the subtropical convergence; SAF corresponds to the subantarctic front; and PFZ corresponds to the Polar Front Zone. Details of the core sites are as follows: conditions in the South Atlantic sector of the Southern Ocean (Figure 1 ). Sediment core results are also presented from RC11-83, the details of which are described by Charles et al. [1996] . The core locations are grouped into the southern sites (TNO57-13, TNO57-17), the northern sites (TNO57-5, TNO57-21, RC11-83, and ODP Site 1089), and a middle subantarctic site (TNO57-6). The northern sites are characterized by elevated, but relatively steady sedimentation rates, because they sample a sediment drift deposit. The southern sites were located in the present-day diatomaceous ooze belt and are characterized by highly variable sedimentation rates, ranging from 75 cm/ky in interglacial periods to less than 10 cm/ky in the glacial episodes. The TNO57-6 site is characterized by much lower sedimentation rates, averaging 3 cm/kyr; its utility comes from the fact that this single piston core penetrates the last 400 kyr .
[7] Our objective was to measure the isotopic composition of the planktonic foraminiferal species that live in the uppermost portions of the water column, as well as those that were consistently abundant in the sediment samples. For these reasons, we chose N. pachyderma for the southern sites and G. bulloides for the northern sites.
[8] Records from both species are available from TN057-6 . We picked foraminiferal specimens of N. pachyderma (leftcoiling) from the 150-250 mm size fraction and G. bulloides from the >250 mm size fraction, at a sample spacing of 5 cm. Isotopic analyses for TN057-13, TNO57-6, and MIS Stages 8-12 of Site 1089 were performed at the University of Florida. All other measurements were made at the Scripps Institution of Oceanography (SIO). For both laboratories, the long-term precision (1s) of a National Bureau of Standards NBS-19 standard was better than 0.1% for d 18 O over a period of several years when the samples were run.
[9] For several marine records (TNO57-13, TNO57-17, TN057-5 and RC11-83), chronologies for the upper sections were developed through radiocarbon dating. The details for TNO57-13 [Kanfoush et al., 2000] and RC11-83 [Charles et al., 1996] are presented elsewhere, while those for TNO57-17 and TN057-5 are presented here (Table 1) . The chronology for the last 60 ky of TNO57-21, ODP Site 1089, and TNO57-6 records comes through optimization of the correlation of both planktonic and benthic d
18
O time series to those from nearby benchmark cores that are dated by radiocarbon (such as RC11-83.) To [1990] . c Inital correction is based on the South Atlantic surface water reservoir age [Bard, 1988] . The assumption of constant reservoir age is potentially compromised by subpolar/subtropical front movements, changes in mode and rate of thermohaline circulation, and other processes that affect the ventilation of the surface ocean. Without direct evidence for these effects, however, we must consider our age estimates to be more uncertain for the earlier part of the record. [Shackleton et al., 1990] . Over the intervals that lack detailed structure for correlation (such as marine isotope stage 3), we assume constant sedimentation rates between more widely spaced tie points, a reasonably valid assumption at these sites [Hodell et al., 2001] . We estimate that the precision of correlation, and therefore transferral of the orbitally tuned chronology to Site 1089, is likely to be better than ±2 ky throughout the length of the record, though this error assessment is subjective. One departure from the Martinson et al. [1987] chronology is the interval from the LGM to the present, for which we used radiocarbon chronology converted to calendar years. In this regard, we note that the SPECMAP chronology of Martinson et al. [1987] is not strictly ''orbitally tuned'' at its beginning and end. The chronology for TNO57-6 along the length of the core comes from correlating planktonic and benthic isotopic records to Site 1089 (and, therefore, the chronology for this core is tied to that of Site 1089). All the d
18 O data is displayed in Figure 2 , [Mortyn, 2000] (curve e), RC11-83, G. bulloides [from Charles et al., 1996] (curve f ). Curves b through e have been offset from the top scale by +4, +3, +2, and +1, respectively. already converted to timeseries form, but the actual data not published previously is available on the ODP data server ].
Results

The Last 60,000 Years
[10] We concentrate initially on the last 60 ky to demonstrate that the subsequent comparisons for the past 400 ky are meaningful. Figure 3 shows O between the deep sea sediment records because (1) the sites are all within similar oceanographic regimes, (2) all of the results were generated in the same laboratory (SIO), (3) all cores contain consistent abundance of G. bulloides, and (4) the average sedimentation rate of all the cores is roughly comparable. Thus we combined the G. bulloides d
18 O data from the northern sites into an interpolated stack for detailed comparison against the 0-60 ka Vostok dD record (Figure 3) . The period from 6.0-58.5 ka represents the maximum duration for which data were available from each of the four cores, and the chronology below the limits of radiocarbon control essentially comes from extrapolation of sedimentation rates from the closest anchor points.
[12] The resultant ''subantarctic stack'' bears obvious similarity with the Vostok ice core record. Perhaps the most direct connection can be drawn between the so-called Antarctic Cold Reversal (ACR) that seems to appear in both the marine and ice core records at about 14 ka. However, other millennial features are also closely aligned in the marine and ice core records. For example, abrupt excursions toward lower foraminiferal d
18 O occur at approximately 51 ka, 46 ka, 39 ka, and 29 ka. These features correspond closely with the ice core evidence for warming over the Antarctic interior [Blunier and Brook, 2001 ]. This comparison suggests that the climate signal of Vostok is indeed embedded in G. bulloides d
18 O data sets from the subantarctic provided, of course, that all possible sources of error (including core sampling, chronology, foraminiferal population biases, instrumental error) can be minimized.
[13] The southern site cores allow spot checks on the correlations suggested by the northern subantarctic d
18 O records. The most complete comparison involves the last deglaciation, and the ''Antarctic Cold Reversal'' event in particular. The N. pachyderma d
18 O records from both TNO57-13 and TNO57-17 are shown in Figure 4 . The two foraminiferal records display many of the same features from the last glacial period into the deglaciation, and throughout the Holocene. The profiles differ in mean value from one another by approximately 0.5%, as a result of cooler SSTs at the more southern site (hence higher d 18 O). Both profiles are also significantly offset from their northern subantarctic counterparts for the same reason. The southern sites are less continuous, because the flux of all microfossils, including N. pachyderma, decreases during the cold intervals and because the foraminifera are at times completely diluted by diatoms during warmer intervals. Nevertheless, the distinct millennial features of the Vostok dD record are also present in the marine d
18
O record from our southern sites; for example, the interstadial event at approximately 38 ka and the expression of the ACR at approximately 14 ka stand out prominently. One difference between the northern and southern marine sequences is that the period immediately following the ACR is characterized by a d
O decrease that is stronger in the south than in the north (1% versus 0.6%, respectively). While the amplitude of d 18 O change is different over some excursions, the major events of the last deglaciation are synchronous in all of our subantarctic cores, within the errors of the radiocarbon dating constraints. Furthermore, the various independent radiocarbon chronologies suggest that the timing of these d 18 O excursions from 53-40°S is indistinguishable from those in the Vostok ice core dD record, provided that a GISP/GRIP-like chronology is used for Vostok [e.g., Blunier et al., 1998 ].
[14] Still, the uncertainties in radiocarbon chronology (including the possibility of reservoir age changes [Goldstein et al., 2001] ) are too large prior to the last deglaciation to conclude definitively that any particular excursion in the marine records is synchronous with its apparent ice core counterpart. Thus independent confirmation of such synchroneity is required. At specific points during MIS Stage 3, the comparison between magnetic paleointensity recorded in the marine sediments [Channell et al., 2000; Stoner et al., 2003 ] and the Vostok 10 Be record (cited in Mazaud et al. [1994] ) provides this confirmation. Sharp spikes in both records suggest that there were significant excursions in the Earth's magnetic field at approximately 40 ka (the so-called Laschamp event) and at approximately 65 ka. These excursions thus serve as discrete chrono-horizons that can be correlated in marine and ice core archives. For our purposes here, the essential observation is that the process of aligning the phase of foraminiferal d
18 O and Vostok dD according to the assumption of climatic synchroneity does not violate the requirement that the marine and ice core proxies for magnetic field behavior must also be synchronous ( Figure 5 ). Thus the subantarctic foraminiferal d
18 O and Vostok dD millennial oscillations must be coeval, for at least those specific intervals characterized by large magnetic field excursions. It is significant that the total error on this assessment of stratigraphic correlation (as opposed to absolute chronology) is on the order of several hundred years and therefore does not exceed the duration of the millennial scale temperature events themselves.
The Last 400,000 Years
[15] We assume, by extension and without attribution of a specific physical mechanism, that the degree of marine core/ice core correlation apparent in the 60 ky interval should also apply to the lower portions of the records. Therefore to synchronize the Vostok dD chronology to that of an orbitally tuned marine chronology over four glacial cycles, we combined the ''subantarctic stack'' data of Figure 3 with the longer G. bulloides d
18
O record from ODP Site 1089.
[16] We adjusted the Petit et al. [1999] chronology iteratively to achieve maximum correlation between Vostok dD and the Site 1089 planktonic foraminiferal d
18 O record. This approach yields a new chronology for the Vostok ice core (Figure 6 ) that is significantly different from the previous Table 1 for details). Note the close correspondence between the age of the ''Antarctic Cold Reversal'' at about 14 ka in these cores with the apparent ice core equivalent. published version (GT4 timescale). We adjust the ice chronology to the marine chronology, rather than the converse strategy, because the orbital tuned marine chronology rests on a better known and widely used framework of assumptions than that for the ice core flow modeling . Also, the sedimentation rates for the marine core are relatively constant. Overall, the marine/ ice core correlation that can be achieved through this subjective approach is quite high (R = 0.76), but it depends completely on the ability to recognize distinctive millennial scale events common to both records. In this respect, our (subjective) confidence in age assignments for the ice core decreases considerably in the older part of the record, where the resolution of the ice core decreases and where carbonate dissolution affects the quality of the foraminiferal record [Hodell et al., 2001] . One could certainly take issue with our chronological adjustments in any given interval, and, therefore, we view this approach as simply a first illustration of how a marine chronology can be transferred to Vostok in detail. The accuracy of the results would no doubt improve if we were able to create a ''stacked'' foraminiferal record over several glacial cycles using a variety of sedimentary sequences, instead of that from just one site. Mazaud et al., 1994] . The chronologies for the sediment record and the ice cores are the same as in Figure 3 . The magnetic paleointensity spike in all the sediment cores and the 10 Be spike in Vostok fall within the same phase of the millennial scale climate oscillation expressed in both marine and ice core records. 2002GC000475 [17] The results from the lower-resolution core TNO57-6 provide at least a rough crosscheck on our ''wiggle matching'' approach using Site 1089. Though the millennial scale features are muted in this core, the changes in foraminiferal d
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18 O are well-correlated with those of Vostok dD. This result is not surprising, given that we tuned the TNO57-6 chronology to maximize isotopic correlations with Site 1089; but it does suggest that our strategy is consistent among South Atlantic subantantarctic marine cores for the last 400,000 years, just as it is for the last 60,000 years.
[18] For the purpose of this correlation exercise, we made no attempt to remove the more slowly varying seawater isotopic signal (ice volume effect) from the G. bulloides d 18 O by subtracting the benthic signal would not alter our basic approach or conclusions derived from the millennial band.
[19] With the exception of two specific intervals (the penultimate deglaciation and early MIS 11), our indirect approach toward orbital tuning of the Vostok ice chronology yields results broadly similar to those derived from the direct orbital tuning of the Vostok gas chronology using 
18 O atm Shackleton, 2000] . With several more prominent exceptions during the glacial stages (the millennial scale excursions in MIS 2-4 and MIS 6), our chronology is also consistent with the results of a separate tuning exercise of the Vostok ice chronology using the Vostok deuterium record [Waelbroeck et al., 1995] . However, one notably distinct aspect of our chronology is the duration of the last interglacial period. In our chronology, the duration of this interval (defined from peak glacial episodes on either side of the last interglacial) in the Vostok dD record is almost exactly 23 ky, whereas it is much longer (30 to 40 ky) in the other chronologies. This result essentially derives from the structure of the Site 1089 benthic foraminiferal record and its projection onto the SPECMAP benthic stack [Martinson et al., 1987] , which establishes our timescale for the marine surface climate proxies.
[20] The chronological adjustments using the millennial scale features affect the determination of spectral properties of Vostok ice core proxies in the orbital band. The most obvious effect of our modification of previous timescales is the transferral of power in the dD record from the lower frequencies into the 23 ky band and its harmonics. As with dD, the implementation of our chronology also significantly enhances the 23 ky power in d 18 O atm, relative to the GT4 timescale. Our results in this respect essentially parallel those of Shackleton [2000] , as one might predict from the general similarity of the two chronologies. In fact, the resulting spectra are similar enough that we need not show them here. However, the implied duration of the last interglacial period in our work results in an especially sharp 23 ky spectral peak in the power spectrum of the Vostok deuterium record.
Deuterium Excess and the Northern Subantarctic Isotopic Records
[21] In adjusting the chronology of Vostok, we make the assumption that the timing of millennial scale subantarctic d
18 O changes and air temperature changes over Antarctica is the same. However, we make no assumption concerning the relative amplitudes of change in the marine/ice core proxy records. In fact, from simple visual comparison, it is obvious that the foraminiferal d 18 O record diverges from the ice core record on orbital timescales. For example, the prominent minima in the Vostok dD at the beginning of glaciation events are not present in the marine record. We can quantify this difference to form a continuous time series by normalizing both proxy records and by taking the residual (though we cannot distinguish whether the anomalies in the normalized difference reflect a bias in the marine record (with respect to Vostok) in warm or cold intervals, or both.)
[22] Potential clues to the origin of the foraminiferal d
18 O/ice core dD differences come from the fact that this time series resembles the deuterium excess fluctuations in the Vostok core [Vimeux et al., 1999 [Vimeux et al., , 2001 ]. There are occasional mismatches in the amplitude of the residual curve and the deuterium excess-perhaps to be expected, given the derivation of these second order variables-but the timing of the major excursions is essentially the same (Figure 7) . The marine d
18
O and Vostok dD show the greatest difference early in the glaciation stage (e.g., Stage 5d) and the smallest difference during the deglaciations; these changes are coincident, respectively, with the maximum and minimum anomalies in deuterium excess. It is significant that the best correlation between the marine/ice residual and deuterium excess occurs in the uppermost portion of the records that are anchored by independent chronologies. Thus the correspondence between these variables cannot be strictly an artifact of the chronological assumptions.
[23] The pattern of variability is, to a large extent, also characteristic of the ''common'' carbon isotope signal in subantarctic planktonic foraminiferal records from the circum-subantarctic [Ninnemann and Charles, 1997] . Planktonic foraminiferal d 13 C has a complex spatial expression in the subantarctic and is no doubt influenced by processes other than those affecting the surface ocean. Therefore one wouldn't expect all carbon isotope records to share the same phase relationship with the ice core proxies. However, for cores such as TN057-6 and E33-22 (subantarctic South Pacific), the correlation between planktonic foraminiferal d 13 C and Vostok deuterium excess at zero phase is quite strong (Figure 8 )-even for Stages 8-11, where deuterium excess is characterized by a seemingly different response to orbital forcing than for the last 150,000 years [Vimeux et al., 2001] . For example, considering TN057-6 d 13 C and Vostok deuterium excess, there is strong coherency throughout the records in all the orbital frequencies (over 80% of the variance is shared for the 23, 41, and 100 kyr periods), and, while there is a slight phase offset between the records in the 41 kyr band, there is no significant phase difference in the other bands.
[24] Because these various independent comparisons all demonstrate a strong connection between the conditions of the subantarctic surface ocean and the water isotopes (deuterium and deuterium excess) in Vostok, they may also serve as additional constraints on the marine core/ice core synchronization process. For example, if the marine and ice core records were grossly miscorrelated, then the residual between foraminiferal d 18 O and Vostok dD would be mere noise. Similarly, the recognition of a d 13 C/deuterium excess link might help optimize the marine/ice stratigraphic alignments in some intervals where the foraminiferal d
18 O signal lacks a clear structure.
Sequence of Events Over Terminations
[25] Aside from issues of absolute chronology, a more unique consequence of making an explicit tie between the surface ocean d
18
O and the Vostok dD records is that it automatically fixes the temporal relationship between other (independent) proxy variables contained in the same marine and ice core records. This approach already has been applied to the millennial scale variability of the last glacial cycle [Charles et al., 1996 ; Ninnemann [26] Figure 9 shows the relative timing of various ocean-atmosphere proxies over Termination II that results from optimizing the correlation between planktonic d
18 O in Site 1089 and the dD of ice in Vostok. Clearly, the respective warm extremes in planktonic foraminiferal d
18 O and Vostok dD were reached several thousand years before the minimum in benthic foraminiferal d 18 O, an observation often described as a Southern Ocean temperature ''lead'' with respect to global ice volume (e.g., Hays et al. [1976] and many others). Yet an equally important feature of our comparison here is that it gives the appearance of little to no lag between the major benthic foraminiferal isotopic shifts toward interglacial conditions and the ice core dD shifts toward warmer temperatures over the penultimate deglaciation. If one compares the midpoints of the deglaciation in these deepwater and atmospheric proxies (one way to avoid the inherent ambiguity of the terms ''lead'' and ''lag''), they do not differ by more than 1500 years-for all but benthic foraminiferal d 18 O, the age of these midpoints is indistinguishable from one another.
Furthermore, there is no discernable sequence in the timing of the first monotonic change to interglacial conditions in all variables.
[27] These observations help place limits on the phase relationships between Antarctic ice core proxies and sea level (ice volume), though they do not provide precise constraints. the Vostok ice core suggests that the minimum lag of the midpoint of the d 18 O atm change with respect to the midpoint of d 18 O s.w. change was, on average, about 2 kyr over the Terminations (Figure 10) . A more reasonable estimate for this lag (considering the physical improbability that the deep ocean would warm entirely to interglacial levels before the excess glacial ice even began to melt) would be 3 to 4 ky for the Terminations of the Late Pleistocene. Because the Dage of gas-ice introduces an additional variable (with uncertainties that are possibly >1 kyr [Bender et al., 1999] , and because there are fewer total measurements currently available, any comparisons between d
18 O atm with the marine records are less certain, despite the fact that we could conceivably align the marine d
O -ice core dD stratigraphy to within several hundred years. Nevertheless, taking the best current estimates of Dage of gas-ice, our results are incompatible with the interpretation of d
18 O atm as a sea level proxy that lags true ice volume at all times by only 1 kyr. Figure 9 . Sequence of events in various proxies of the ocean atmosphere system over the penultimate deglaciation, resulting from the assumption that the millennial-scale features of the Vostok dD and Site 1089 G. bulloides d
18 O records are synchronous. The midpoints of the deglaciation in all proxies are marked by an asterisk. The deuterium data were taken from Petit et al. [1999] , while the atmospheric CO 2 data were taken from Fischer et al. [1999] .
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This conclusion is relevant if d
18 O atm is to be used to define glacial-interglacial transitions in ice core records alone [e.g., Broecker and Henderson, 1998 ].
[29] Perhaps most importantly, our marine/ice core alignment sets the phase of atmospheric CO 2 variations with respect to the deep ocean. For this purpose, we can take benthic foraminiferal d 13 C as a general measure of the carbon chemistry of the deep Southern Ocean and more specifically as a measure of deep ocean circulation and ventilation [Charles and Fairbanks, 1992; Ninnemann and Charles, 2002] . With the uncertainty of the Dage of gas-ice in mind, the main glacial-interglacial shifts in atmospheric carbon dioxide [Fischer et al., 1999] were essentially synchronous with changes in benthic foraminiferal d
13
C. This synchroneity characterized not only the penultimate deglaciation (Figure 9 ), but also other terminations as well (Figure 11 ). During the late interglacial stages (e.g., Stage 5e/d transition), atmospheric carbon dioxide remained high while other variables, including benthic foraminiferal d 13 C, shifted toward glacial conditions. Therefore not all variability is in common between the deep ocean record and the atmospheric CO 2 record. However, we find no evidence for significant phase offsets between the switch to interglacial conditions in the carbon chemistry of the deep Southern Ocean and CO 2 increases throughout length of the ice core. Thus the results of our correlation between planktonic foraminiferal d
18
O and dD of ice necessarily imply a strong temporal connection between atmospheric CO 2 variability and the physical and chem- Figure 6 while taking the O 2 data and gas age-ice age difference given in Petit et al. [1999] . The dashed line represents the latest possible time for the initiation of deglaciation, based on the assumption that the temperature influence on the benthic foraminiferal d 18 O can be no more than about 0.8% over the terminations. 2002GC000475 ical state of both the deep and surface Southern Ocean.
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Discussion
[30] There have been a variety of previous efforts to link microfossil-based marine SST proxies to the record from Vostok [Pichon et al., 1992; Sowers et al., 1993; Waelbroeck et al., 1995] , but we believe that the planktonic foraminiferal d
18 O records from the northern subantarctic deep sea sediment drift deposit sites offer an especially appropriate marine target for comparison-if for no other reason than the resolution is broadly similar to that described by Petit et al. [1999] for the Vostok dD data. Our approach for comparison depends on the assumption that abrupt fluctuations in the subantarctic zone are recorded synchronously over central Antarctica. There is often a general (and perhaps legitimate) suspicion of any stratigraphic result that derives from such ''wiggle matching '' approaches [e.g., Crowley, 1999] . However, in this case, there is a strong and simple physical basis for the assumption: the subantarctic provides a dominant source of moisture to the interior of the Antarctic continent [Delaygue et Figure 11 . Relationship between the Site 1089 benthic foraminiferal d 13 C record (lower curve, in % units) and the Vostok atmospheric CO 2 record (upper curve, in ppmv). The ice core CO 2 data and the gas age-ice age differences are from Petit et al. [1999] , while the timescale is that developed here. al., 2000], and, on first principles, one would expect that abrupt events of any significance should be registered simultaneously in both archives. Furthermore, there is no a priori reason why the relative marine/atmospheric timing of abrupt events should evolve over ice age cycles, as it might for the lowerfrequency variations.
[31] Complications to this principle are conceivable of course, and other procedures for aligning the phase of marine and ice core signals are possible. However, the available independent chronological evidence from the last 60 ky supports entirely the simplest assumption that the millennial scale features of marine and ice records are synchronous. For example, while we cannot rule out phase offsets of as much as several hundred years, proxies of magnetic field strength demonstrate that at least one of the stadial-interstadial events during MIS 3 shared a common timing between central Antarctica and the subantarctic South Atlantic. The same conclusion can be drawn from the ''Antarctic Cold Reversal'' at about 14 ka that appears in Southern Ocean sediment cores both to the south and to the north of the subantarctic zone-for this event, radiocarbon constraints are precise enough to make an explicit marine/ice core link. Thus the observations justify the attempt to correlate many of the abrupt events in the older sections of the ice and deep-sea sediment cores.
[32] One might ask whether spatial heterogeneity affects the conclusions drawn from our marine/ice core correlation. This is a difficult question to address quantitatively, because the sedimentary sequences described here are the first in the Southern Ocean to resolve millennial scale events continuously through several glacial cycles. We can say that our extended marine-ice core comparison yields a chronology for Vostok ice that is (for the interval of overlap, the last 200 kyr) generally similar to one derived from direct orbital tuning [Waelbroeck et al., 1995] . Our results converge even more closely on the implications from Shackleton [2000] , who used an independent strategy to tune the Vostok gas age chronology. Thus our synchronization produces results that do not conflict grossly with these previous attempts to tune the orbital scale variability in the ice core. The principal advantage of our correlation exercise is not that we derive a new absolute chronology of the ice core, but rather that the relative marine/ice chronology leads to the development of a detailed sequence of events in the Southern Ocean and polar atmosphere over ice age cycles, insight that cannot spring nearly as directly from other orbital tuning assumptions.
Surface Climate Implications
[33] A common response to surface temperature is the most plausible aspect of the climate system that would cause the apparent negative correlation between subantarctic foraminiferal d
18
O and Vostok dD on millennial timescales. Foraminiferal d
18 O certainly could be affected by changes in the regional hydrological cycle that alter the local seawater isotopic composition, but this explanation would imply positive correlation between marine and ice core isotopic records under most circumstances. A possible exception to this generalization could occur if the polar surface waters and atmosphere grew cold when the subantarctic waters freshened. However, the excursions in marine d
18 O in cores south of the present polar front were apparently synchronous with their northern subantarctic counterparts, suggesting a common origin for the d 18 O fluctuations throughout the high-latitude South Atlantic. Thus the millennial scale features in the d
O profiles are, most likely, a product of SST excursions. It should be emphasized that this argument applies only to the millennial band, and we acknowledge that the processes occurring on the orbital timescale could be quite distinct from those operating on higher frequencies. One illustration of this difference is the fact that the millennial scale excursions in d
18 O are resolved prominently in the South Atlantic, even though the glacial-interglacial amplitude of the foraminiferal d
O in many cores does not exceed that expected through ice volume effects alone (1%). The millennial scale isotopic variability in the northern subantarctic marine records bears the fingerprint of changes in water mass influence (subtropical versus polar) over the core sites [Ninnemann et al., 1999] , and, therefore, we assume implicitly that the Vostok isotopic records must have been affected by a related set of processes. [34] Why then does the amplitude of foraminiferal d 18 O diverge from Vostok dD on orbital timescales? One possible explanation involves seawater isotopic effects that are independent of temperature fluctuations. However, the problem with this explanation is that the divergence between the marine and ice core records does not follow the Northern Hemisphere glacial-interglacial cycle (cf Figure 7) . Thus if the marine core-ice core isotopic difference resulted from continental ice volume effects, it would necessarily reflect the timing and localized influence of Antarctic ice melting. There are other possible biases in the marine record. For example, the sensitivity of G. bulloides d
18 O to warm excursions might be damped above certain mean annual temperature levels in the subantarctic ] because of species habitat. This possibility could be tested readily using different proxies for SST in the same sedimentary sequence. The limited number of direct comparisons that exist for the South Atlantic [e.g., Cortese and Abelmann, 2002; Rosenthal et al., manuscript in preparation, 2003] suggests that the structure of other SST proxies essentially follows that of planktonic foraminiferal d 18 O. Thus the lack of prominent ice core features such as deep glacial episodes (for example Stage 5d) cannot be strictly a product of foraminiferal habitat.
[35] Alternatively, the marine/ice core ''residual'' signal could be simply a measure of different sensitivity to orbital forcing between 40°S and 70°S, brought about by, for example, sea ice variability. In principle, the combination of marine evidence and the ice core deuterium excess record might test such possibilities. The current explanation for changes in deuterium excess is that they result from changes in high-latitude moisture delivery to the Antarctic and changes in the temperature of the effective moisture source [Vimeux et al., 1999 [Vimeux et al., , 2001 . Our marine core/ice core synchronization implies that high deuterium excess corresponds closely with maximum d
18 O/dD difference and high values of subantarctic foraminiferal d 13 C. This coincidence of variables is difficult to explain if deuterium excess is taken as proxy for the temperature of a fixed subantarctic location (the co-occurrence of low d
O anomalies with high d 13 C anomalies is more characteristic of polar foraminiferal records). The sense of the d 13 C/deuterium excess association is consistent with wind variability in the subantarctic zone: greater wind stress enhances the gas exchange effect on d 13 C [Ninnemann and Charles, 1997] , while decreasing the kinetic effect on evaporation of water isotopes that in part determines deuterium excess [Jouzel and Merlivat, 1984] . On the other hand, if the initial (evaporative) isotopic ratios are considered a minor influence on deuterium excess, then other meteorological phenomena must account for the marine/ice core correlations. The effect of sea ice on all these variables could be a possible area for further exploration-we speculate that sea ice might simultaneously influence the location of moisture sources, gas exchange rates and water mass mixing in the subantarctic.
Atmosphere/Deep Ocean Links
[36] Though there are a number of obvious pitfalls in assessing lead/lag relationships over abrupt events [see Alley et al., 2002] , our results indicate that the main characteristics of the deep Southern Ocean and the polar atmosphere changed essentially simultaneously over the Terminations. The near synchroneity of the benthic foraminiferal isotopes and Vostok dD (the direct implication of our alignment of Vostok dD and planktonic foraminiferal d 18 O) carries several implications.
[37] For example, this synchroneity suggests that the same processes that warmed the Antarctic polar atmosphere also led to warming of the deep Southern Ocean, at least on 100,000-year timescales. Such tight physical coupling of the deep-ocean and polar atmosphere is often assumed to hold over glacial-interglacial cycles [e.g., Shackleton, 2000] , but our records of the Terminations demonstrate the connections more explicitly. This correspondence also implies that we cannot use the Southern Ocean benthic foraminiferal d
18 O record to deduce the precise timing of ice volume changes.
[38] However, because there are reasonable limits to deep-ocean cooling, we can establish reasonable maximum phase lags between Antarctic atmospheric temperature increase and initial ice sheet melting over the Terminations. We find that the first monotonic increases in polar temperatures preceded the onset of sea level rise by, at most, 2 kyr. Our comparisons further imply that the most direct proxy for ice volume in ice cores, d
18 O atm, is itself lagged more significantly (3-4 ky) with respect to sea level than is commonly assumed. Thus it is also not appropriate to assume (as did Broecker and Henderson [1998] and Broecker [1998] ) that changes in deep ocean circulation correspond with d
18 O atm shifts as a general response to deglaciation. Our results make it clear that the conditions of the deep Southern Ocean (temperature, carbon chemistry) underwent substantial change well before any analogous decrease in d
18 O atm.
[39] Instead, our atmosphere/deep ocean synchronization suggests that the processes controlling the main atmospheric CO 2 shifts over ice age cycles were likely tied to Southern Ocean ventilation processes. Our observations are generally compatible with the mechanisms of CO 2 variability outlined by Stephens and Keeling [2000] and Toggweiler [1999] . In these models, either sea ice meltback in the Antarctic (consistent with simultaneous warming in the deep and shallow Southern Ocean) or increased vertical mixing across the thermocline in the Antarctic (evidenced by carbon isotope excursions) allows the ''venting'' of CO 2 from the deep Southern Ocean to the atmosphere. Furthermore, in these hypotheses, biological pump mechanisms for controlling CO 2 variability play a secondary role to changes in the physical state of the surface Southern Ocean. Stephens and Keeling [2000] argue that the synchroneity between dD and pCO 2 over Termination II in the Vostok ice core is perhaps the best available evidence supporting their proposal of strong surface ocean control of atmospheric pCO 2 . We can extend this line of reasoning directly by demonstrating that deep Southern Ocean properties changed simultaneously as well. Our results strongly suggest that shifts in deep ocean circulation (inferred from benthic foraminiferal d
13
C) are associated with major changes in atmospheric carbon dioxide. This observation does not rule out the possibility of changes in the biological pump, nor, for that matter, other influences on the CO 2 budget of the atmosphere, such as the carbonate chemistry of the ocean. However, it does imply that physical mechanisms controlled the switch to higher pCO 2 over deglaciations and, in the process, set the phase of the atmospheric CO 2 response over the 100,000-year cycle. 
